The geminiviruses are a group of plant viruses containing single-stranded (ss) D N A in particles comprising two quasi-icosahedral units. Some are transmitted by whiteflies, others by leafhoppers. Comparisons were made of the genome organization and expression of cassava latent virus (CLV) and maize streak virus (MSV) and beet curly top virus (BCTV), each with distinct host range and insect vector species characteristics. From these studies, several indications as to the replication mechanism(s) are suggested.
INTRODUCTION
T he geminiviruses appear to have twinned particles, about 20x35 nm, comprising a dimer of quasi-icosahedral units. Some members of the group can also form trimers and tetramers, but geminate structures are most common and are typical of the group. Each particle contains a small circular ssD N A molecule of between 2 -5 -3 'Okb in size, depending on the individual virus (for reviews see Francki et al. 1985; Harrison, 1985; Davies et al. 1987) .
T he members of the geminivirus group can be sub-divided on the basis of host range (monocotyledonous or dicotyledonous species) and insect vector (leafhopper or whitefly species). We have studied cassava latent virus (C LV ) which is whiteflytransmitted and infects dicotyledons, includingN icotiana species: maize streak virus (M SV ) which is leafhopper-transmitted and as its name implies infects monocoty ledonous hosts which in addition to maize include rice, wheat, sugarcane, sorghum, millets and grasses: and a sort of intermediate, beet curly top virus (B C T V ) which is also leafhopper-transmitted but experimentally can infect a wide range of dicoty ledonous but not monocotyledonous plants (Bennett, 1971) .
GENOME STRUCTURE AND ORGANIZATION
C LV was the first geminivirus to be sequenced (Stanley & Gay, 1983) . The sequence data revealed two different D N A circles, which are called arbitrarily D N A s 1 and 2. T he virion-encapsidated D N A was designated the ( + ) sense. T h is does not mean to imply that its complementary or ( -) sense D N A is non-sense: indeed both senses carry open reading frames (Fig. 1) . Other whitefly-transmitted dicotyledoninfecting geminiviruses, tomato golden mosaic virus (T G M V ) and bean golden T h e nucleotide sequences of CLV D N A s 1 and 2 are very different, except for a region of about 200 nucleotides, which is alm ost identical on each D N A . T his com m on region is non-coding, though it may have a regulatory function in replication a n d /o r expression com m on to both DNAs. Stanley (1983) dem onstrated by molecular cloning that both D N A com ponents were required for plant infection, thus dem onstrating the true bipartite nature of the genom e; w hich implies that two different virus particles are necessary for infection of plants. Excised cloned CLV D N A is very infectious (Stanley, 1983) even as a linear ds m olecule, im plying that in vivo circularization can occur, and suggesting that ds D N A may be a true replication interm ediate. Given this, it therefore came as a surprise th at the first sequence of a gem inivirus infecting m onocotyledonous plants and being leafhopper-transm itted, namely M SV, seemed to have only one D N A circle. All of the sequence data fitted in one circle (Fig. 2; M ullineaux et al. 1984) . Recently, experim ents in collaboration with N . Grimsley, B. H ohn and T . H ohn in Basel have shown that a dim er construct of this MSV D N A in a T i plasm id, can 'agroinfect' maize plants. T he norm al pattern of MSV infection was seen after inoculation w ith the Agrobacterium construct (Grim sley el al. 1987) . T h is strongly suggested th at M SV had a m onopartite genom e of 2687 nucleotides, and therefore the smallest known viral genome.
T h e M SV sequence is very different to C LV ; indeed, there is no detectable hom ology at the D N A level, though there is some homology at the amino acid level (M ullineaux et al. 1985) . Some lim ited familial homology is found between the coat proteins of the gem iniviruses. Flowever, it is the non-structural proteins, some of which may be involved in the replication of the viral genome, which are m ost relevant to this report.
S trong familial and some direct homology between the putative ( -) sense p roducts of gem iniviruses (D N A 1 of whitefly-transm itted m em bers) (M ullineaux et al. 1985; M acDowell et al. 1985; Stanley et al. 1986) suggest that these O R F s m ight code for proteins central to their life cycle, such as those involved in the D N A replication.
Beet curly top virus (B C TV ) D N A has recently been sequenced (Stanley et al. 1986 ) revealing only one circle (Fig. 3) . B C TV can be mechanically transm itted by pin-pricking inocula into the crowns of young B eta vulgaris, and it was an infectious clone th at was sequenced. It is therefore, as suggested for M SV and W DV (wheat dwarf virus, M cDowell et al. 1985) , m onopartite. However with the exception of the coat protein O R F, the B CTV genome shows strong homologies with D N A 1 of other gem iniviruses, such as CLV which infect dicotyledonous plants.
T ran scrip tio n of CLV and M SV has been shown to be bidirectional (T ow nsend et al. 1985; M orris-K rsinich et al. 1985) . T ranscripts have been m apped that account for each of the six O R F s of CLV predicted from sequencing data (Tow nsend et al. 1985) . F or CLV, in addition to the coat protein gene on D N A 1( + ), in vitro translation of ( -) sense CLV RNA transcripts identified products of 40K and 15K mol. wt. (Fig. 4) .
T h e larger CLV transcripts are initiated on either side of the IR (intergenic region) com m on to both D N A s. All transcripts term inate at a point diagonally opposite this, there being a very small intergenic region here com prising only a few nucleotides, within an extrem ely A /T rich environm ent. In CLV and related viruses, the putative polyadenylation signal AATAAA is often present within this region.
T h is type of bidirectional arrangem ent is rem iniscent of some animal D N A viruses, such as polyoma and SV40 where the genom e is divided into early and late genes w hich are expressed before and after the initiation of D N A synthesis. T he structural genes of gem iniviruses (e.g. the capsid proteins) are expected to be late functions. By analogy, the opposite strand O R Fs for the 40K and 15K products may be early functions. However, there is no direct evidence for tem poral control of gem inivirus genomes. 1-05 kb R N A overlaps the 10-9K O R F in addition to the 27K O R F. We have recently demonstrated that the 10-9K polypeptide is synthesised in vitro from a mixture of R N A s, and is present in plants cells, by using an antiserum to a 10-9K-/3-galactosidase fusion product expressed in E. coli (van der Vlugt, Mullineaux & Davies, unpublished) . T he function of the 10-9 K product has not been determined. It is not known which of the two RN A s of 1-05 and 0 '9 k b is involved in the expression of the coat protein or whether the 1-05 kb R N A is translated as a dicistronic messenger.
On the ( -) sense, so far only one large R N A (l-2k b ) has been detected, which maps to the 31K and 17K O R Fs. How and if these two O R Fs are expressed is not yet clear. Homologies between them and the N H 2 and CO OH terminal amino acid sequences of 40-41K mol. wt. putative products from the (-) sense of DNA-1 of geminiviruses infecting dicotyledonous plants (CLV , T G M V , BG M V and B C T V ) might suggest that these two coding regions are expressed as a single composite protein (Howell, 1984; MacDowell et al. 1985; Mullineaux et al. 1985) .
There is a large intergenic region (L IR ) in an equivalent position to the 200 nucleotide common region of CLV , and diagonally opposite, a smaller one (S IR ). The transcripts terminate at sequences flanking the S IR .
REPLICATION
We have discussed above mainly structural features of the geminivirus genomes, some of which may be relevant to understanding replication. In order to ask the right questions, it is necessary to have some clues about what might be involved in replication. T h is would at least facilitate the design of future experiments. Several observations are worth mentioning. First, geminiviruses are generally found in the nuclei, and in the case of M SV , large numbers of virus particles accumulate and aggregate there, and are easily seen. On closer inspection, we see paracrystalline arrays of virus-like particles (Francki et al. 1985; Stanley & Davies, 1985) . T he nuclei become hypertrophic and separate into granular bodies and fibrous structures.
In B G M V or C LV infections, nuclear structures called fibrillar rings are seen (Francki et al. 1985; Stanley & Davies, 1985) , the origin and function of which are not known. These vary in size, and are never tubular, so must actually be spherical in nature. T he granular nucleolar structures are largely ribonucleoprotein, but these fibrillar rings are thought to be deoxynucleoprotein structures. It has been suggested that they may be the sites of D N A synthesis (K im et al. 1978) . However, such structures have been observed in apparently healthy plants, albeit, when under some sort of stress.
For several whitefly-transmitted geminiviruses, the deproteinised viral ssD N A has been shown to be infectious (Goodman, 1977; Hamilton et al. 1981; Ikegami et al. 1984) . replication? Fig. 1 shows the homologous region within the intergenic region of CLV D N A . Functions common to both C LV D N A s are packaging and replication. Consequently, these homologous regions are likely to contain the origin of replication (O R) an d/or a priming site for second-strand synthesis. Included in these regions are GC-rieh complementary sequences, flanking an AT-rich sequence. Very similar stretches are found in other geminiviruses, as shown in Fig. 5 . In fact, the nanonucleotide TA A TA TTA C is conserved in all geminiviruses examined so far. T he possible involvement of such potential stem-loop structures in replication has been referred to in relation to other geminiviruses (Francki et al. 1985; Harrison, 1985) . An analysis of S I nuclease sensitive sites of T G M V dsD N A suggested the occurrence of a looped-out cruciform structure (Sunter et al. 1984) .
There are nine possible stable stem-loop sequences in M SV D N A with free energy values greater than -14kcalm ol_1 (Mullineaux et al. 1984) . Three of these are adjacent within the L IR and include the one which has the AT-rich sequence common to other geminiviruses ( (Fig. 6) . These molecules have ribonucleotides covalently linked to the 5' terminus of the D N A moiety. These molecules can prime second-strand synthesis in vitro , produc ing double-stranded D N A that is apparently full-length and which on subsequent cloning is infectious to plants ( Donson et al. 1984; Donson et al. manuscript in preparation) . T h is priming event occurs at one position on the genome, at the 5' terminus of the population of small D N A molecules. The ribonucleotides covalently linked to the 5' terminus of the small D N A molecules are analogous to R N A primers for D N A synthesis found in a variety of prokaryotic and eukaryotic systems (Kornberg, 1980) . D N A secondary structure is known to be involved in the initiation of secondstrand synthesis in D N A phages (Kornberg, 1980) . Of that found between the related geminiviruses D SV , M SV and WDV, only the structure illustrated in Fig. 5 is conserved in position. Such a structure could act as the site of assembly for proteins involved in second-strand synthesis. By analogy with 0X 1 7 4 (Arai & Kornberg, 1981), the resulting primosome could then direct primer synthesis elsewhere on the genome such as the S IR . Fig. 6 shows sequences conserved between M SV and D SV in the region of the small D N A molecules. T he involvement of these as well as encapsidation on the initiation and termination of the synthesis of the RN A and D N A moieties of the small molecules awaits further experimentation. Any mechanism will have to account for C LV not having a similar population of small D N A molecules associated with its virions (Stanley & Townsend, 1985) .
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So far we have discussed mainly the ssD N A , and the small primer-like D N A , but have only briefly eluded to other D N A forms which are found in virions, infected plants, and protoplasts. Clues to the replication mechanism are suggested by examination of these forms of D N A .
In virions (ssD N A ) and infected plants (dsD N A ) both M SV and C LV D N A is found not only as 'unit length' circles, but also as multimers, which are mainly dimeric (Stanley & Townsend, 1985) . Any proposed replication model must therefore account for dimers, at least, and a rolling circle mechanism is a possible explanation. There are also D N A s smaller than unit length ('minicircles') which are usually about half-sized circles. These defectives occur only as sub full-length species of D N A 2 (Stanley & Townsend, 1985) . Several of these C LV D N A 2 defective molecules have been cloned and analysed. T he deletions are always from just downstream of the common region, to a point within the 3' end of the 33-7K O R F (Fig. 7) . Small sequences ranging from di-to hepta-nucleotides, repeated at the point of deletion, may be responsible for locating the limitation of the deletions. T he deletions never include the common region supporting the suggestion that this has a replication function. Sim ilar structures have since been found for T G M V D N A 2 (M acDowell et al. 1986) .
T o follow the kinetics of the production of the various D N A forms, to do pulselabelling or carry out m utation studies to locate the origin of replication, we need a synchronous culture system . Such experim ents cannot be done with whole plants. Recently, T ow nsend et al. (1986) have m anaged to infect N icotiana plumbaginifolia protoplasts w ith CLV, and cloned CLV D N A . A truly synchronous culture has still not been achieved, bu t these prelim inary experim ents reveal two m ore im portant clues concerning replication. partially purified virus 104 J. W. Davies, J . Stanley, J . Donson, P. M. Midline aux and M. I . Boulton A series of experim ents designed to expand our knowledge of gem inivirus D N A replication are in progress. These include-the identification of genes and control sequences involved in replication, by deletion and site-directed m utagenesis studies and by th e study of m utant genom es in whole plants and protoplasts. We also anticipate that constructs with m arker genes, designed to analyse prom oter activity, will provide valuable data concerning D N A replication.
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